The analysis of the interaction between a fluid flow and any object represents a classical challenge for modern numerical techniques. A one-dimensional model is presented for the analysis of thin-walled composite beams under the action of a fluid flow. Beam walls are made of orthotropic layers bonded together to form a laminate that might be anisotropic. The Navier-Bernoulli and Vlasov models are used to describe bending and torsion at a beam level. The constitutive equations are modeled at the lamina level using the Love-Kirchhoff model. A 5 5 cross-sectional stiffness matrix that relates one-dimensional generalized beam forces and moments to one-dimensional generalized displacements is obtained. It is used for the definition of a beam element which is suitable for the simulation of both open-section and closed-section beams of an arbitrary section shape with arbitrary layup. The typical laminations for a box-beam, Circumferentially Uniform Stiffness (CUS) and Circumferentially Asymmetric Stiffness (CAS), are analyzed. The aeroelastic analysis of a slender beam is performed coupling a Navier Stokes solver with the structural model. The results are analyzed and the effects of the layup are shown.
INTRODUCTION
Over the last 40 years, the Finite Element Method (FEM) have experimented an exponential growth which led to the definition of a set of reliable computational techniques for many different problems. This maturity, together with the increasing availability of powerful computational resources, gave rise in relatively recent times to an increasing interest in coupled problems. The recent works /I, 2, 3/, provide an interesting introduction to the subject, together with a review of modern analytical techniques for the assessment of stability and accuracy of different staggering techniques.
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On the other hand, during the last two decades, composite materials have been increasingly used in the construction of structural elements of aerospace systems. Many primary structural components, such as helicopter rotor blades and aircraft wing spars, are now designed as composite box-beams. Advanced composites also hold the promise of lower production costs and lower dynamic stresses and vibrations, and enhance fatigue and damage behaviour, accomplished through efficient, optimized structures. However, the inherent ability of tailoring of composite structures has not been fully exploited in composite designs, in particular, the elastic couplings between various modes of deformation. Through the control of lamination parameters (i.e. ply orientation and stacking sequence), such structural couplings, as bending-torsion and extension-torsion, are introduced. Other authors /4, 5/ have shown that elastic couplings due to composites have strong influence on blade dynamic characteristics, including aeroelastic stability, vibration, dynamic stresses and loads. One of the most interesting applications of this technology is the use of bending-torsion coupled composite structure to prevent divergence aerodynamic of forward swept wings 161.
Jun et al. /?/ investigated the influences due to Poisson effect, shear deformation, anisotropy, slenderncss ratio and boundary condition on the natural frequencies of the composite beams with arbitrary ply orientation using an exact dynamic stiffness approach.
Some interesting structural configurations are categorized as circumferentially uniform stiffness (CUS) and circumferentially asymmetric stiffness (CAS) according to the layup of laminate on opposing flanges. In CUS configuration, Figure 4a , the ply layups on opposite flanges are of reversed orientation, and results in extension-torsion coupling. For a box beam, the ply layups on the opposite sides yielding such couplings are of reversed orientation and hence the name 'antisymmetric configuration' was adopted by Chandra et al. /8/, and Smith and Chopra /9/, whereas in CAS configuration, Fig 4b, the ply layups on opposite flanges are symmetric with respect to the mid-axis of the section, which is also referred to as 'symmetric ply layup' by Chandra et al. /8/, results in bending-torsion coupling. In this case extcnsional, bending-extension coupling and bending stiffness have a constant magnitude around the upper cross section but different sign on the lower side.
It is also interesting to highlight that the coupling between bending and torsion is known to play a critical role in the determination of flutter behaviour of bridges or extremely slender beams. This stresses the importance of a correct modelization of the structural characteristics in the determination of the aeroelastic properties of slender beams subjected to the action of a fluid.
Jung et al. /10/, made an assessment of the current techniques of modeling composite beams and identified, among others, the need for a comprehensive general composite blade analysis that included features such as elastic couplings or the variation of stress across shell wall thickness that will be applicable to beams having open or closed multicell generic cross-sections. Two approaches are possible to address the problem. The first one includes cross sectional finite element analysis, such as Variational Asymptotical Beam Sectional Analysis (VABS) /11, 12, 13, 147, which can model complex geometry and non-uniformity of a cross-section. The second one, like in the present paper, includes analytical models that are simple and can be used to provide physical insight into the relationship between the various effects. Typically, finite element models are especially useful for detailed stress analysis whereas analytical models can be useful in preliminary design and optimization studies.
The second technique can be formulated through either a displacement or a force method. The displacement method has been used by, among others, Rehfield et al. /15/, Smith and Chopra /9/, Chandra and Chopra /16, 177, Jonson et al. /18/, and Patil and Jonson /19/. This formulation is based on suitable approximations to the displacement field of the shell wall. The assumed displacement field is used to compute the strain energy and the beam cross-sectional stiffness relations; equations of motion are obtained through energy principles. In the force method, the assumed direct stress field in the shell wall is used to obtain the distribution of the shear stress, and the related warping is obtained from the equilibrium equations of the shell wall. This method was used by Mansfield and Sobey /20/, and by Libove /21/, for thin-walled composite beams with closed profiles. As an alternative to those approaches, Jung et In this paper, an analytical one-dimensional model is developed to describe the behaviour of a thin walled composite beam in bending and torsion. The methodology proposed uses a Love-Kirchhoff shell model to relate the stresses and strains in the shell. In this relation, the generalized beam deformations corresponding to the Navier-Bernoulli and Vlasov models are introduced through geometric considerations. By integrating the stresses on the cross section, a relation between the generalized stresses and strains of the beam in the form of a symmetric 5 * 5 cross-sectional stiffness matrix is obtained. Finally, this relation can be used for the development of a beam model including displacements, rotations and warping as nodal variables.
This simple one-dimensional model allows an extremely synthetic and effective description of the resistance to deformation of the beam. This is useful in the definition of simplified models for the description of the aeroelastic properties of a given structural composite beam. The present paper focuses on the behaviour of a rectangular box section beam subjected to the action of a fluid. It is obtained by dividing the fluid domain in a number of independent cells of vortex in correspondence to different positions along the beam span which provides an instantaneous deformation-dependent load distribution along the beam span. In the end, the same approach is used to compare the aeroelastic behaviour of beams with different layup. Figure la shows the geometry for a composite thin-walled beam with an arbitrary cross-section. An orthogonal Cartesian coordinate system of reference, Oxyz with origin in an arbitrary section, will be considered for this beam. To refer the variables associated with the points of the section, another system of reference will be in use:O'xns ( Figure Ib) . The local axis O's is tangent to the midline of the cross-section in the considered point; O'x axis is parallel to the global axis Ox of the beam and the third direction, defined by Ο 'η axis, takes the direction of the thickness, to form a direct trihedral. The unitary vectors associated to the coordinated axes will be i x , j y and k z in the global system and / , j and k in the local system. To describe the behaviour of a generic slice of beam, of length dx , the interaction between shell elements of the same length and area dx ds will be considered.
THEORETICAL FORMULATION OF COMPOSITE BEAM
(a) (b) 
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To describe the kinematics, U , V , and W will be considered to be the displacement of the beam along Ox, Oy and O: global axes, respectively, and φ will be the twist of each section around the Ox axis. The local shell displacements in the O'xns system will be indicated as υ, v n and v () respectively. Following the Love-Kirchhoff theory, the displacement field in local coordinates is defined by 11°+11 (1) where z/", v" and v° represent the displacements of the material points of the reference surface of the shell (midplane of the shell), and ψ ν and ψ, are the rotations of the normal to the midplane around the O's and O'x axes, respectively. It is well known that, in terms of the compatibility equations in local coordinates, the displacement field of a cylindrical shell is
where a is the local shell radius of curvature in the considered point On the other hand, using geometric considerations, the shell midplane displacements can be obtained in terms of beam displacements and rotations as (4) Following the Navier-Bernoulli hypothesis, the shearing deformation is neglected, giving ψ^φ^χ). The parameters r and q represent the distances between the shear centre and the tangent and normal lines, respectively, to the midline of the section in the considered point ( Figure 3 where, y and , are the rotations of the cross-section beam about the y and z axes respectively.
In the previous equations, the axial displacement «° has not yet been introduced. Its determination requires the integration of the angular deformations γ α between the origin of the Α-coordinate and the considered point. (6) where ω is > -\r ds (7) Considering that, the first Eq. 
In relation to Figure 2 , where the orientation of the positive shell forces and moments applied over a differential shell element is showed, the constitutive laws of a composite are M, (9) where Λ ν , w and D lt are the laminate stiffness for extension, extension-bending coupling, and bending, respectively. where W is the axial force; M y and M. are the bending moments about y and z a directions, respectively; V y and V t are the transverse shear forces; T s is the St. Venant twisting moment and M m is the Vlasov bimoment.
The stiffness matrix for the beam cross-section, relating the generalized deformations of the beam with the generalized stresses, is obtained from Eqs. (14) by substituting the expressions Eqs. (5), (8), (10) and (12) . This leads to a symmetric 5x5 cross-sectional stiffness matrix and represents the idealization of the beam at Navier-Bernoulli level for bending and Vlasov level for torsion Two different types of interpolation functions are introduced to describe the behaviour of the beam. For the axial displacement U , a two-node Lagrangian representation is used, Eq. (18). For the cross-sectional rotations $ y and s , and for twist deformation φ and its derivative φ x , a two-node Hermite shape function is employed to satisfy the C [ continuity at each extremity of an element, Eq. (19) . These yield a total of 14 degrees of freedom for each finite element that can describe extension, bending, and torsion.
(18) (19) Introducing this finite element representation into the energy expression, Eq. (17), we obtain the following set of finite clement beam equations
where Κ and F g are the finite element system of stiffness matrix and load vector respectively, and q R is the generalized displacement vector for the beam.
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EXAMPLES
The theory proposed was validated by studying a cantilever beam with rectangular box section. This case is studied both for circumferentially uniform stiffness (CUS) configuration, Figure 4a , and circumferentially asymmetric stiffness (CAS) configuration, Figure 4b . The CUS or antisymmetric configuration, of which the ply layups on opposite flanges are of reversed orientation, leads an extension-torsion coupled box beam and the CAS or symmetric configuration, of which the ply layups on opposite flanges are mirror images with respect to the midaxis, leads a coupling between the bending and torsion. Each wall of the composite beam is made up of six layers with the layup configuration that is given in Table 1 . The material is AS4/3501-6 graphite-epoxy, and the elastic properties and the dimensions of the cross-section are specified in Table 2 . For both configurations, a cantilever beam is solved for three simple cases of loading applied in the centroid of the free cross-section. In the first case, the load is a unit force applied in ^-direction. In the second case, the force is applied in "x-direction, and in the third case, a unit torque is applied in the direction of the beam axis. Results are shown in next sections and compared with solutions obtained by other authors.
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Antisymmetric configuration (CDS)
The variation of twist angle along the length of the extension-torsion coupled beam under unit torque is shown in Figure 5 . The results are compared to the ones of Jung et al. /22/, and to the experimental results from Chandra et al. /8/. A minor difference is obtained, probably due to the different approach in the calculation of the St. Venant twisting moment. It is interesting to highlight that the result shows that the torsion is quasi-uniform. In Figure 6 , the longitudinal displacement of the beam under axial force together with the displacement due to the application of a unit torque and extension-torsion coupling are shown. A positive torque leads to a shortening of the beam. This result depends on the orientation of the fibres. Note that the axial displacement induced by a unit torque is up to four times bigger than the displacement caused by the axial force. 
EFFECT OF THE FIBER ORIENTATION
The structural behaviour of a composite beam depends on the fiber orientation. In order to study the effect of the fiber orientation, the thin-walled composite box beam studied in the previous section is considered. The analysis is carried out for CAS and CUS configuration with different fiber orientations, from 0° to 180° fiber orientation, and the case of an isotropic beam is considered too. For composite beam, the material is AS4/3501-6 graphite-epoxy and for the isotropic beam, the material is aluminium and the material properties assumed in the analysis are the following: £ M = E 22 Figure 12 and Figure 13 show the variation of the twist angle and the warping, respectively, at the free cross-section of the beam as function of the fiber orientation when a unit torque is applied. It is observed that the twist angle and warping variation is symmetric with respect to the angle of 90° fiber orientation and the smaller twist angle and warping occurs for the case of fiber orientation of ±45°. The variation of the longitudinal displacement at the free end of the cantilever beam due to the extension-torsion coupling as function of the function of the fiber orientation is showed in Figure 14 . In this case, the smaller longitudinal displacement occurs near the angle of ±30° and the displacement variation presents point symmetry with respect to the angle of 90°. It is interesting to highlight that for the angles of 0°, 90° and 180° the longitudinal displacement is zero because the extension-torsion coupling disappears. Figure 15 shows the variation of the longitudinal displacement at the free end of the cantilever beam as function of the fiber orientation when a unit extension load is applied. It is observed that the longitudinal displacement increases from fiber orientation of 0° to 90° and then decreases, presenting a symmetric behaviour with respect to the angle of 90° fiber orientation. Such behaviour was to be expected because for the angle of 0° the fibers show the biggest strength under the extension load and this strength decreases when the fiber orientation changes between 0° and 90° fiber orientation.
Antisymmetric configuration (CUS)
The variation of the twist angle and the warping at the free cross-section of the cantilever beam due to the extensiontorsion coupling is showed in Figure 16 and Figure 17 , respectively. It is noticed that the smaller twist angle occurs near the angle of ±30° and these variations presents point symmetry with respect to the angle of 90°.0 
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The variation of the longitudinal displacement in the torsion problem and the twist angle the in the extension problem, which are induced by the extension-torsion coupling, are similar in shape and for the angles of 0°, 90° and 180° the twist angle and warping is 7.ero (no coupling). Figure 18 shows the variation of the bending slope around the Oz axis at the free cross-section of the bendingtorsion coupled box beam under a unit tip bending load as function of the fiber orientation. The composite beam shows the biggest strength for the angle of 0°/180° and the smallest for the angle of 90°, presenting a symmetric behaviour with respect to the fiber orientation. The variation of the twist angle and the warping at the free cross-section because of the bending-torsion coupling is showed in Figure 19 and Figure 20 , respectively. They present point symmetry with respect to the angle of 90° but are not similar in shape. It is observed that the biggest twist angle occurs between ±30° and ±45° fiber orientation and the biggest warping around ±15° fiber orientation. For the angles of 0°, 90° and 180° the twist angle and warping is zero showing that bending-torsion coupling disappears. Figure 22 show the variation of the twist angle and the warping, respectively, at the free end of the cantilever beam as function of the fiber orientation when a unit torque is applied. It is observed that twist angle and warping decrease from fiber orientation of 0° to 30°/45° and then increases, presenting a symmetric behaviour with respect to the angle of 90°. The smallest twist angle and warping occur between -±30° and ±45° fiber orientation and the biggest at 0°, 90° and 180° fiber orientation. The variation of the twist angle and the warping are similar in shape.
Symmetric configuration (CAS)
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The variation of the bending slope at the free cross-section of the cantilever beam as function of the fiber orientation due to the bending-torsion coupling is showed in Figure 23 . It is observed that this variation presents point symmetry with respect to the angle of 90° and the biggest bending slope occurs between ±30° and ±45° fiber orientation. For the angles of 0°, 90° and 180° the bending slope is zero because bending-torsion coupling does not exist. Finally, in order to bring out the significance of the anisotropy we consider an isotropic beam of aluminium. In Figure 24 is showed the variation of the twist angle and the longitudinal displacement along the length of the beam due to the action of a unit extension load together with a unit torque applied at the tip of the cantilever beam for the extension-torsion coupled beam with 45° fiber orientation and the aluminium (isotropic) beam.
It is noticed that they show a different behaviour for the same load case, that is to say, this load case produces an extension in the aluminium beam and compression in the composite (anisotropy) beam. A similar behaviour happens when we consider the bending-torsion coupled beam and the aluminium beam under a unit bending load together with a unit torque applied at the tip of the cantilever beam. The variation of the twist angle and the bending slope is showed in Figure 25 for the bending-torsion coupled beam with 120° fiber orientation and the aluminium beam. This load case produces a positive twist angle for the isotropic beam and a negative twist angle for the composite beam. 
FLUID-STRUCTURE COUPLING
Multidisciplinary problems involving Fluid-Structure Interaction (FSI) are common in engineering design. Fluid flow and adjacent structures often interact through displacement and/or thermal effects. Such interactions may be a desirable part of a design or may cause unwanted behaviours that need to be considered and eliminated during the design process. This kind of problems represents a classical challenge for modern numerical techniques.
In this case, a one-dimensional structural model has to be coupled to the fluid flow. In order to perform the coupling, it is therefore necessary to associate to the beam its three-dimensional "skin". Under the usual assumptions, the motion of the beam axis describes univocally the motion of its cross section, which can be imagined as a rigid body which follows the translation and the rotation of the beam axis.
This allows associating a section of finite dimensions lying in the xy plane to each point of our one-dimensional beam, assumed to be oriented as the Oz axis. Given the hypothesis of small-strains, the motion of the cross section outside of the xy plane can be neglected. This is not consistent with the kinematics hypothesis on the beam motion, but can be accepted, as a very good approximation, for the only purpose of describing the motion of our beam imagined as a three dimensional object. The next step is the choice of the fluid model to be used for the structural solution. This paper will concentrate on the case of bluff-body cross-sections featuring sharp corners and a clear predominance of the shape resistance over the friction resistance. For this category of structures, the dynamic behaviour of the overall coupled system plays a very important role. A time-accurate viscous flow solver is thus needed. Even if the features of the problem make it possible to use a rather "coarse" mesh, see for example Rossi /3/, it can be immediately verified that the number of elements needed for a complete 3-D simulation makes it unfeasible for any realistic beam length.
In many cases, however, the interest focuses on the behaviour of a beam subjected to a flow orthogonal to the beam axis. Under this assumption, the flow at two points (at a reasonable distance) will present little correlation, which allows us to consider the flow at different cross-sections as independent. This suggests the possibility of "slicing" the fluid domain in a number of independent two-dimensional planes where, on each one, the problem can be solved separately.
Conceptually, the solution on each fluid plane or cell of vortex will provide a force density acting on the beam, obtained by integrating the pressure of the fluid over the corresponding cross-section. This can be interpreted as a timevarying distributed load over the beam. The deformation of the considered beam will provide a relation between the motions of the different sections, which should bring the simulation closer to the equivalent complete three dimensional simulation.
It is interesting to highlight how this assumption is commonly used in the flutter analysis of long span bridges, under the heuristically consideration that the flutter depends on the mean wind speed. The applicability of the present model l'ol. 17 
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for the buffeting analysis of a given section (which is out of the scope of the present work) constitutes an interesting matter of discussion. As a comment, we would like to propose that the incoming turbulence can be taken into account by generating a spatially correlated velocity field, see for example Rossi et al. /24/ be applied as inflow velocity between the various cells of vortex while performing a FSI analysis in the vicinity of the beam. This could also allow investigating the importance of the buffeting action in initializing the flutter of a given structure, see for example Lazzari 1251, or simulating the interaction of different cables subjected to different levels of stress.
To complete the discussion, we need to choose a suitable coupling algorithm. The problems of interest falls in the field of aeroelasticity and will be often characterized by large Reynolds numbers and flows featuring sharp separations at the corners of the section. Loose coupling procedures are known to perform very efficiently for such category of problems, see for example Farhat and Piperno 1261. The choice in our case will be the Fractional-Step approach described in Rossi /3/, which assumes the form:
• Solve the structure using the loads (pressure) at time.
• Move the mesh according to the structural motion.
• Solve the fluid.
• Solve the structural problem applying the newly calculated pressure.
The properties of this algorithm are analysed in Rossi /3/. The validation of the code Kratos, used in this work, can be found in the same reference.
In detail, the structural solution assumes, for the case under study, the form: • Integrate the fluid force on the beam section.
• Solve the dynamic problem.
• Move the section accordingly to the calculated motion of the beam.
• Assign a velocity to the points of the section consistently with the mesh motion scheme chosen (velocity = mesh_yelocity (displacement)).
The fluid solver used is a fractional-step type procedure featuring a second order pressure splitting as described in Codina /27/. The solver allows an arbitrary I.agrangian-Eulerian (ALE) description of the fluid domain, allowing dealing simply with the deformation of the fluid medium. The stability properties for the scheme are described in detail in Badia /28/.
Stabilization of convection and diffusion is obtained using the Orthogonal Sub Scales (OSS) approach, as proposed in Codina /29/. Quasi-static subscales are assumed. No turbulence model is included in the simulation. The structure is integrated using a standard second-order accurate Newmark scheme without viscous damping.
EXAMPLE
The aeroelastic analysis of composite beams represents a rather new area of study at least in the civil engineering field. As, to our knowledge, no experimental or numerical results are available on the subject, we propose a simple benchmark. The analysis is performed inside the code Kratos, a general purpose multiphysic code which was already validated in Rossi /3/ in application to problems of aeroelasticity.
Composite box beams under the action of fluid flow are studied for 12 seconds. This case is studied both for antisymmetric configuration (CUS), Figure 4a , and symmetric configuration (CAS), Figure 4b . The layup configuration is given in Table 1 and the dimensions of the cross-section and the elastic properties are specified in Table 2 . The box beams considered are clamped at the root and free at the tip. Details of the sectional geometry are given in Figure 27 and a view of the computational mesh used is given in Figure 28 To solve the coupled problem it is necessary to solve the fluid and the structure separately, therefore a suitable time step has to be chosen. In this case, the time step is 0.001 seconds.
Antisymmetric configuration (CDS)
The displacement time history in x-direction at the beam tip is shown in Figure 29 . Initially, the composite beam vibrates with bigger amplitude (transitory period) until it reaches stationary phase where it vibrates with lower amplitude around the new equilibrium position. The corresponding Fast Fourier Transform (FFT) analysis is shown in Figure 30 . The natural frequencies of the composite beam are given in Figure 35 . It can be noticed that the composite beam vibrates at its natural frequencies and also at different frequencies as the result of the wind action. In Table 3 , a summary of the natural frequencies of the composite beam for CUS configuration and the excited frequencies due to the wind action are shown. It can be noticed that the wind excites different frequencies than natural ones. 
Symmetric configuration (CAS)
In Figure 36 and Figure 37 the displacement time history in A--direction and ^'-direction at the beam tip are shown, respectively.
It is interesting to notice how the rotation time history about Ox axis (Figure 38 ) have the same shape than the displacement time history in ^-direction. As in the previous example, the composite beam vibrates at its natural frequencies ( Figure 42 ) and also at different frequencies due to the wind action. In Table 4 , a summary of the natural frequencies of the composite beam for CAS configuration and the excited frequencies is presented. It can be noticed that the wind excites different frequencies than natural ones. In Figure 43 , a comparison of twist distribution for CAS and CDS configurations is shown. It can be noticed that the antisymmetric configuration presents a lower deformation in torsion regarding to the symmetric configuration. This is due to the coupling between bending and torsion. 
Effect of the fiber orientation
To highlight the effect of the fiber orientation in the aeroleastic behaviour of a composite beam, we consider the composite box beam studied in the previous section under the action of fluid flow with different angles of fiber orientation.
Below, as an example, the time history responses for different cases of fiber orientation are show to point out the different vibratory behaviour of the composite beam depending on the fiber orientation. The differences, due to the coupling effects made clear through the paper, can be summarized as follow. In the case of the composite beam with antisymmetric configuration, the amplitude of the rotation about Ox axis is two orders of magnitude smaller than the amplitude of the displacement in ^-direction, while in the case of symmetric configuration the amplitude of the rotation about Ox axis is the same order of magnitude that the amplitude of the displacement mydirection. For this problem, the main effect is the bending because of vortex shedding, so in the case of the bendingtorsion coupled beam (symmetric configuration) the rotation about Ox axis is more important than in the case of the extension-torsion coupled beam (antisymmetric configuration).
CONCLUSIONS
A one-dimensional structural model applicable to thin-walled composite beams, which can have cither an open or closed profile with either a single-or multiple-cell section, has been developed. The model includes the influence of the thickness of the shell wall and considers restrained torsion and secondary warping. Extensive validation studies have been performed to correlate the present results against experimental test data and other detailed finite element results. Simple isotropic materials can be taken into account naturally.
On the other hand, the current paper presents a FSI model which is appropriate for the simulation of slender structures subjected to wind load. The phenomenon of the flutter of a composite beam under the wind action is studied for different layup configurations. This investigation confirms the importance of taking into account the composite layup, as this leads to a sensible difference in the behaviour of the coupled system.
